INTRODUCTION
============

Indoleamine 2,3-Dioxygenase (IDO)is a speed limiting enzyme that activates the decomposition and metabolism of Tryptophan along Tryptophan-IDO-Kynurenine pathway \[[@r6]\]. Tryptophan is a necessary amino acid for cell growth and metabolism, and the deficiency of Tryptophan can lead to immune system dysfunction.

The key enzymes of Tryptophan-IDO-Kynurenine pathway include pyridoxine-2, 3-oxygenase 1 (indoleamine 2, 3-dioxygenase 1, IDO1), pyridoxine-2, 3-oxygenase 2 (indoleamine 2, 3-dioxygenase 2, IDO2), Tryptophan-2,3- Double oxygenase (Tryptophan-2, 3-dioxygenase, TDO) \[[@r7]\]. The activity of these enzymes can cause Tryptophan to over-produce Kynurenine, resulting in Tryptophan deficiency while producing a large amount of Kynurenine, thereby suppressing the immune system. Since Kynurenine is an endogenous tumour-promoting ligand, it binds to aromatic receptors and activates aromatic receptors to perform biological effects, which together contribute to the occurrence and development of tumours.

In the Tryptophan-IDO-Kynurenine pathway, IDO1/IDO2/TDO catalytic Tryptophan c-2/C-3 in the bond break, forming N-mention in the Kynurenine, which is not only Tryptophan-IDO-Kynurenine pathway's first step but also the entire reaction pathway speed limit step. The downstream reaction produces metabolites such as Kynurenine, Kynurenic acid and Quinolinic acid. When the expression level of IDO1/IDO2/TDO in tissue cells increased, a large amount of Tryptophan was metabolized through the Tryptophan-IDO-Kynurenine pathway. In the meantime, Tryptophan content decreased, directly inhibiting the activation and proliferation of effect T cells. The metabolites produced by the Tryptophan-IDO-Kynurenine channel will suppress immune, reproductive and central nervous system, in addition, to directly inhibiting the survival of T-cells. Moreover, the metabolites will also promote the differentiation of regulatory T-cells and inhibit the effect of T-cells. As many studies show, Tryptophan-IDO-Kynurenine pathway plays a vital role in causing immune escape in cells \[[@r8], [@r9]\].

As for these three IDO enzymes above, their average body expression, location in the body chromosome number and tumour expression, have some differences \[[@r10]\]. First of all, IDO1 is coded by the ido1 gene on chromosome 8. It's mainly expressed in the small intestine, stomach, brain and liver while expressed at lower level in other tissues of the body. Also, studies have shown that IDO1 is highly expressed in tumours such as cervical, stomach, colon and pancreatic cancer. Additionally, IDO2 is represented by the ido2 gene on chromosome 8, which is not far from the ido1 gene. It has a substantial similarity to IDO1 at amino acid levels. However, IDO2 is not widely expressed than IDO1. And IDO2 is mainly expressed in the kidney, liver, testicles, appendicitis and other tissues. Also, according to studies, IDO2 is over-expressed in colon cancer, stomach cancer, kidney and pancreatic cancer. Moreover, TDO is encoded by the TDO2 gene located on chromosome 4. And it is mainly expressed in the liver in the human body \[[@r11]\]. TDO in glioma is high. And in recent years, many studies have reported that TDO is over-expressed in breast, rectal, and lung cancer. There have been many studies and inhibitor-drugs targeting IDO1, while IDO2 and TDO research is relatively rare.

The IDO1 protein consists of a large and small domain with the active site located in a larger area. And the contact surfaces of the two fields form two hydrophobic pockets, S1 and S2. The main S1 bag consists of Tyr126, Val130, Phe163, Phe164, Leu234, while the S2 bag owner consists of Phe226, Phe227, Arg231, Ile354. The amino acid residue of these two pockets and hemoglobin are essential for the binding and selectivity of IDO1 inhibitors.

Kynurenine is toxic and can lead to apoptosis of lymphocytes \[[@r12]\]. More than 95% Tryptophan is oxidized and metabolized along Tryptophan-IDO-Kynurenine pathway to produce Kynurenine and its derivatives like quinolinic acid and Kynurenic acid, etc. Among them, quinolinic acid is the starting material of the NAD+(nicotinamide adenine dinucleotide) synthesis pathway. On the one hand, NAD+ is an indispensable substance in the electron transmission process and plays a vital role in promoting energy metabolism and signal transduction. In addition, NAD+ plus its prototype NADH is essential to maintaining the reductive environment within the cell and thus protecting the cells from oxidative stress. Therefore, sufficient NAD+ in cells is a critical factor in protecting cells. Additionally, tumour cells have an uncontrolled proliferation rate, rapid metabolic rate, and significantly increased levels of oxidative stress, compared to healthy cells, making tumour cells more sensitive to changes in NAD+ levels. Key enzymes in the biosynthesis pathway in NAD+ have become important targets for anti-cancer drugs. On the other hand, excessive expression of IDO was found in many cancers as reported, such as prostate cancer, pancreatic cancer, breast cancer, stomach cancer. Increasing IDO will cause depletion of local Tryptophan and increase of Kynurenine and other metabolites. Additionally, increasing IDO can also inhibit the proliferation of T cells and activate regulated T cells, and thus cause immune tolerance. So that the body can not identify and remove tumour cells. Therefore, developing potential inhibitors of IDO could offer more effective therapeutic methods for metabolic diseases and cancers \[[@r13], [@r14]\].

Numerous studies have shown that abnormal cell metabolism is one of the most critical signs of cancer \[[@r15]\]. Recently, IDO has been reported to have lots of small-molecule drugs by inhibiting IDO's activities through Tryptophan-IDO-Kynurenine pathway. For example, Indoximod inhibits IDO's activities indirectly by relieving T-cell functional inhibition \[[@r16]\]; Epacadostat has high selectivity to IDO; Navoximod is TDO/IDO1's dual inhibitor; BMS-986205 is an irreversible inhibitor with non-hemoglobin binding activity; PF-06840003 is a non-competitive inhibitor with non-heme binding activity \[[@r17]\]. Among these drugs, Incyte's Epacadostat is an oral, practical, and selective small-molecule IDO inhibitor. The development of this drug is currently in the clinical stage of Phase 3 and has achieved significant results in the clinical stage of Phase 2. Thus, as for the reference drug, we chose Epacadostat \[[@r18]--[@r21]\]. Additionally, the over-expression of IDO can lead to the over-production of "neurotoxin" quinolinic acid, which can eventually cause damage to neurons and neurological diseases such as Alzheimer's disease. Thus, much of the focus on IDO was on its relationship to Alzheimer's disease and neurological disorders previously. It can be seen that if the excessive expression of IDO is curbed, it will be beneficial to the treatment of cancer and Alzheimer's diseases. Therefore, IDO inhibitors are a potential new target drug molecule \[[@r23]\]. Moreover, there have not been IDO inhibitor drugs in the world, so it matters a lot to do much more study and research on IDO inhibitor.

According to reports in recent years, natural products have played a vital role in both molecular biological research and potential drug study. To find new potential IDO inhibitors, a virtual screening were carried out against the Natural Products database (NP) in the ZINC database. Then, ADME (absorption, distribution, metabolism, excretion) and toxicity properties were analyzed and assessed. Binding modes and interactions between potential compounds and IDO were analyzed by docking. And molecular dynamics simulation was utilized to assess if their binding interactions are stable. This study greatly promoted the development of IDO inhibitors for providing potential inhibitor drugs and their drug-like properties.

RESULTS
=======

Virtual screening of potential stimulators of Indoleamine 2,3-Dioxygenase, IDO
------------------------------------------------------------------------------

Area of the ligand with iron hemoglobin is an essential regulatory site of IDO. As studies show, part of small molecules can interact with IDO well in this region. Then, this binding can inhibit IDO's activities of catalyzing the decomposition and metabolism of Tryptophan along Tryptophan-IDO-Kynurenine pathway, and then block the T cells from being destroyed. So, we chose this site as the reference region. Firstly, we used Libdock to virtually screen favorable small molecules of IDO by DS4.5 (Discovery Studio 4.5, Accelrys, Inc., San Diego, CA, USA). Twenty-five thousand nine hundred thirty-two natural and purchasable molecules were got from this database. ZINC database is commercially free. Moreover, Irwin and Shoichet Laboratories in the Department of Pharmaceutical Chemistry at UCSF (the University of California, San Francisco) provides the compounds of ZINC database. The target used in this study was the 3D structure of IDO. The well known IDO inhibitor Epacadostat can inhibit IDO activity in vitro as well as in vivo. So we chose Epacadostat as the reference compound. Epacadostat suppressed IDO by interacting with and binding to iron hemoglobin of IDO by inserting into this ligand pocket. The inhibition of this distinct resulted in inhibition of IDO activities by inhibiting the decomposition and metabolism of Tryptophan, which is a necessary amino acid for cell growth and metabolism, and it is an essential amino acid related to immune system dysfunction \[[@r24], [@r25]\]. After the screening, 247 compounds were found to have higher Libdock scores than Epacadostat (Libdock score: 119.882). The top 20 ranked compounds are listed in [Table 1](#t1){ref-type="table"}.

###### Top 20 ranked compounds with higher Libdock scores than Epacadostat.

  ------------ ------------------ ------------------- ------------ ------------------ -------------------
  **Number**   **Compounds**      **Libdock score**   **Number**   **Compounds**      **Libdock score**
  1            ZINC000056897657   185.52              11           ZINC000013540662   163.201
  2            ZINC000035024527   172.106             12           ZINC000002528510   162.775
  3            ZINC000118912913   169.516             13           ZINC000049878068   162.665
  4            ZINC000038559596   167.201             14           ZINC000003791817   161.856
  5            ZINC000013540213   167.102             15           ZINC000100822245   161.737
  6            ZINC000034944431   166.571             16           ZINC000017611788   161.466
  7            ZINC000012495022   165.456             17           ZINC000012496925   159.247
  8            ZINC000002526389   165.297             18           ZINC000008219593   158.961
  9            ZINC000100013581   165.169             19           ZINC000032821825   156.629
  10           ZINC000085886023   164.103             20           ZINC000012496524   153.431
  ------------ ------------------ ------------------- ------------ ------------------ -------------------

Assessment of drug-like properties for Absorption, Distribution, Metabolism, Excretion (ADME) and toxicity
----------------------------------------------------------------------------------------------------------

Through ADME module of Discovery Studio 4.5, we assessed drug-like properties of Epacadostat and favorable compounds, including BBB (brain/blood barrier), human intestinal absorption, aqueous solubility, CYP2D6 (cytochrome P450 2D6) binding, PPB (hepatotoxicity and plasma protein binding properties) ([Table 2](#t2){ref-type="table"}). The aqueous solubility assessing was carried out with suitable temperature of water at 25°C. As the results shown, all the compounds can dissolve well in water other than ZINC000118912913. 10 compounds had favorable solubility and Epacadostat had moderate solubility. For human intestinal absorption, 7 compounds and Epacadostat were absorbed with a secondary level, and 10 compounds were absorbed with a right level. And we find 12 compounds and Epacadostat interacted and combined with plasma protein tightly, and the rest was not. All compounds don't inhibit cytochrome P450 2D6 (CYP2D6) other than ZINC000034944431, ZINC000002526389, ZINC000085886023, ZINC000002528510 and ZINC000100822245. Cytochrome P450 2D6 (CYP2D6) played a vital part in metabolism of drug. Epacadostat were predicted to be non-inhibitors of cytochrome P450 2D6 (CYP2D6) as well. For hepatotoxicity, 16 compounds were predicted as non-toxic, while the rest and Epacadostat were toxic. Then, though TOPKAT module of Discovery Studio 4.5, we also assessed Safety properties of the selected compounds and Epacadostat, including AMES, DTP and Rodent carcinogenicity. AMES is Ames mutagenicity. DTP is developmental toxicity potential. And Rodent carcinogenicity is based on the U.S. National Toxicology Program (NTP) dataset ([Table 3](#t3){ref-type="table"}). As the results shown, 9 compounds were not toxic in development. All results above indicated that compound 1 (ZINC000012495022) and compound 2 (ZINC000003791817) were favorable potential compounds as inhibitors of IDO. These two compounds above didn't suppress CYP2D6's activities and were not hepatotoxic. Moreover, they were almost not mutagenic, rodent carcinogenic and developmental toxic with the comparison of others. So these two selected compounds can be perspective target of inhibitor drug development for IDO. As [Figure 1](#f1){ref-type="fig"} shown, these two compounds and Epacadostat were similarly made up of several multiple reactive oxygens, dual-band in their chemical structures. And compound 1 (ZINC000012495022) and compound 2(ZINC000003791817)'s constructions were similar to Epacadostat. Moreover, the two candidate compounds and Epacadostat both bind with IDO at a same position, which is close to IDO's ligand iron hemoglobin. In summary, these two compounds were safe. So we chose them as potential candidate compounds for following study ([Figure 1](#f1){ref-type="fig"}).

###### ADME (Adsorption, Distribution, Metabolism, Excretion) properties of compounds.

  ------------ ------------------ ---------------------- --------------- --------------- ----------------------- ------------------------- ------------------
  **Number**   **Compounds**      **Solubility level**   **BBB level**   **CYP2D6^c^**   **Hepatotoxicity^d^**   **Absorption level^e^**   **PPB level^f^**
  1            ZINC000056897657   1                      4               0               0                       3                         0
  2            ZINC000035024527   1                      4               0               0                       3                         0
  3            ZINC000118912913   0                      4               0               0                       3                         1
  4            ZINC000038559596   3                      4               0               0                       2                         0
  5            ZINC000013540213   3                      3               0               0                       0                         1
  6            ZINC000034944431   2                      4               1               0                       2                         0
  7            ZINC000012495022   3                      1               0               0                       0                         1
  8            ZINC000002526389   2                      4               1               1                       0                         1
  9            ZINC000100013581   3                      2               0               0                       0                         1
  10           ZINC000085886023   1                      4               1               1                       3                         1
  11           ZINC000013540662   4                      4               0               0                       1                         0
  12           ZINC000002528510   2                      4               1               1                       0                         1
  13           ZINC000049878068   1                      4               0               0                       3                         0
  14           ZINC000003791817   4                      3               0               0                       0                         1
  15           ZINC000100822245   2                      4               1               0                       3                         0
  16           ZINC000017611788   2                      4               0               1                       3                         0
  17           ZINC000012496925   4                      3               0               0                       0                         1
  18           ZINC000008219593   3                      1               0               0                       0                         1
  19           ZINC000032821825   3                      1               0               0                       0                         1
  20           ZINC000012496524   3                      3               0               0                       0                         1
  21           Epacadostat        2                      4               0               1                       3                         1
  ------------ ------------------ ---------------------- --------------- --------------- ----------------------- ------------------------- ------------------

^a^Aqueous-solubility level: 0 (extremely low); 1 (very low, but possible); 2 (low); 3 (good).

^b^Blood Brain Barrier level: 0 (Very high penetrant); 1 (High); 2 (Medium); 3 (Low); 4 (Undefined).

^c^Cytochrome P450 2D6 level: 0 (Non-inhibitor); 1 (Inhibitor).

^d^Hepatotoxicity: 0 (Nontoxic); 1 (Toxic).

^e^Human-intestinal absorption level: 0 (good); 1 (moderate); 2 (poor); 3 (very poor).

^f^Plasma Protein Binding: 0 (Absorbent weak); 1 (Absorbent strong).

###### Toxicities of compounds.

  ------------ ------------------ ------------------ ---------------- ------------- ------------ ------- -------
  **Number**   **Compounds**      **Mouse NTP^a^**   **Rat NTP^a^**   **AMES^b^**   **DTP^c^**           
  **Female**   **Male**           **Female**         **Male**                                            
  1            ZINC000056897657   0                  1                1             0.002        1       1
  2            ZINC000035024527   1                  0.727            1             0            0       1
  3            ZINC000118912913   1                  1                0.996         1            0       1
  4            ZINC000038559596   0                  0.001            0.802         0            0.434   1
  5            ZINC000013540213   0                  0                0             0            0.434   0.002
  6            ZINC000034944431   0                  0                1             0.02         0       1
  7            ZINC000012495022   0                  0                0             0            0.001   0
  8            ZINC000002526389   0.999              0.036            0             0.999        1       0.769
  9            ZINC000100013581   0.095              0                0             0.001        0.051   0.989
  10           ZINC000085886023   0                  0.003            0             1            0       0.989
  11           ZINC000013540662   0                  0                0             0            0.051   0
  12           ZINC000002528510   0.999              0.036            0             0.999        0       0.769
  13           ZINC000049878068   0.837              0.938            0             1            0.999   0.906
  14           ZINC000003791817   0                  0                0             0            0.019   0
  15           ZINC000100822245   0                  1                1             0.051        0.434   1
  16           ZINC000017611788   0.075              0.929            1             0            0       1
  17           ZINC000012496925   0                  0                0.12          0            0.135   0.015
  18           ZINC000008219593   1                  0                0             0.024        0.976   0
  19           ZINC000032821825   0                  0.001            0             0            0       0
  20           ZINC000012496524   0                  0                0.002         0            0.014   0.005
  21           Epacadostat        0                  0                0.035         0.001        0       0.047
  ------------ ------------------ ------------------ ---------------- ------------- ------------ ------- -------

^a^\<0.3 (Non-Carcinogen); \>0.7 (Carcinogen).

^b^\<0.3 (Non-Mutagen); \>0.7 (Mutagen).

^c^\<0.3 (Non-Toxic); \>0.7 (Toxic).

![**The structures of ABZI and novel compounds selected from virtual screening by chemdraw.**](aging-12-103113-g001){#f1}

Ligand binding analysis and ligand pharmacophore
------------------------------------------------

As the results shown, the RMSD (Root Mean Square Deviation) was 0.6Å, which was between the docked pose and the crystal structure of the complex. So the CDOCKER module in this study was very reliable. CDOCKER module was applied under CHARMm36 force field. We have docked compounds 1,2 into IDO by CDOCKER module. As the results ([Tables 4](#t4){ref-type="table"}) shown, Epacadostat (- 46.2081kcal/mol) has higher CDOCKER potential energy than the two selected compounds. So, compounds 1, 2 might bind with IDO with higher affinity than the reference ligand Epacadostat. Structural assessment between ligands and IDO, such as hydrogen bonds and Pi-S interactions were also carried out. As shown in [Figures 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"} and [Tables 5](#t5){ref-type="table"} and [6](#t6){ref-type="table"}, compound 1 formed no Pi-S interaction. It formed only one pair of hydrogen bond with IDO (A:GLY236: HN - ZINC000012495022: O7) in the complex. Compound 2 had three hydrogen bonds with IDO (A:GLY261: HN- ZINC000003791817: O7, A:SER167: OG- ZINC000003791817: H57, A: PHE163:O- ZINC000003791817: H57). There was also no Pi-S interaction formed within the complex. Moreover, Epacadostat created four hydrogen bonds with IDO, (A:CYS129: SG- Epacadostat: F7, A:CYS129: SG- Epacadostat: Br8, A:ALA264: N9- Epacadostat: O12, A:ALA264: N9- Epacadostat: N9 independently). Also, Epacadostat formed two pairs of Pi-Pi and one pair of Pi-S interactions with IDO. ZINC000012495022 displayed hydrogen bond acceptor, hydrophobic center and Ionizable negative. ZINC000003791817 revealed hydrogen bond acceptor, hydrogen bond donor, hydrophobic center, and Ionizable negative in computational prediction of pharmacophore ([Figure 4](#f4){ref-type="fig"}).

![(**A**) ZINC000012495022-IDO complex. Schematic drawing of interactions between ligands and IDO, the surface of binding area were added, blue represented positive charge, red represented negative charge, and ligands were shown in sticks, the structure around the ligand-receptor junction were shown in thinner sticks. (**B**) ZINC000003791817-IDO complex. Schematic drawing of interactions between ligands and IDO, the surface of binding area were added, blue represented positive charge, red represented negative charge, and ligands were shown in sticks, the structure around the ligand-receptor junction were shown in thinner sticks. (**C**) Epacadostat-IDO complex. Schematic drawing of interactions between ligands and IDO, the surface of binding area were added, blue represented positive charge, red represented negative charge, and ligands were shown in sticks, the structure around the ligand-receptor junction were shown in thinner sticks.](aging-12-103113-g002){#f2}

![The inter-molecular interaction of the predicted binding modes of (**A**) ZINC000003791817 to IDO; (**B**) ZINC000012495022 to IDO, (**C**) Epacadostat to IDO.](aging-12-103113-g003){#f3}

![**Pharmacophore predictions using 3D-QSAR.** (**A**) ZINC000012495022: Green represents hydrogen acceptor, and blue represents hydrophobic center and dark blue represents Ionizable negative. (**B**) ZINC000003791817: Green represents hydrogen acceptor, blue represents hydrophobic center, purple represents hydrogen donor, and dark blue represents Ionizable negative.](aging-12-103113-g004){#f4}

###### CDOCKER interaction energy of compounds with Indoleamine 2,3-Dioxygenase, IDO.

  ------------------ -------------------------------------------
  **Compounds**      **CDOCKER interaction energy (Kcal/mol)**
  ZINC000012495022   \- 51.3317
  ZINC000003791817   \- 49.7711
  Epacadostat        \- 46.2081
  ------------------ -------------------------------------------

###### Hydrogen bond interaction parameters for each compound and IDO residues.

  ------------------ ----------------------- ---------------------- ------------------- -------------------
  **Receptor**       **Compound**            **Donor atom**         **Receptor atom**   **Distances (Å)**
  IDO                Epacadostat             A:CYS129: SG           Epacadostat: F7     3.09
  A:CYS129:SG        Epacadostat:Br8         2.62                                       
  A:ALA264:N9        Epacadostat:O12         3.11                                       
  A:ALA264:N9        Epacadostat:N9          2.83                                       
  ZINC000003791817   A:GLY261: HN            ZINC000003791817: O7   2.52                
  A:SER167: OG       ZINC000003791817: H57   2.04                                       
  A: PHE163:O        ZINC000003791817: H57   3.01                                       
  ZINC000012495022   A:GLY236:HN             ZINC000012495022:O7    2.01                
  ------------------ ----------------------- ---------------------- ------------------- -------------------

###### Pi-S and Pi-Pi interaction parameters for each compound and IDO residues.

  ---------------------------- -------------- -------------- ------------- ----------------- -------------------
  **Interaction parameters**   **Receptor**   **Compound**   **End1**      **End2**          **Distances (Å)**
                               IDO            Epacadostat    A: PHE163     Epacadostat: O2   4.46
  Pi-Pi interaction                                          A: TYR126     Epacadostat: O2   5.21
  Pi-S interaction                                           A:CYS129:SG   Epacadostat:O2    5.90
  ---------------------------- -------------- -------------- ------------- ----------------- -------------------

Molecular dynamics simulation
-----------------------------

We have performed molecular dynamics simulation to assess if the complex of ligand-IDO is stable under natural environment. The results included RMSD curves and potential energy profiles ([Figure 5](#f5){ref-type="fig"}). The RMSD curves of these complexes got equilibrium at about 200 ps. Moreover, RMSD as well as potential energy of these complexes got stable gradually. As results shown, hydrogen bonds and pi-s interactions between compounds and IDO greatly promoted these complex's stability. So the complex of these two selected compounds and IDO can keep stable and have promotional effects under natural environment as Epacadostat did.

![**Results of molecular dynamics simulation of three complexes.** (**A**) Potential Energy; (**B**) Average backbone RMSD.](aging-12-103113-g005){#f5}

Experimental results to validate the effectiveness of the compounds
-------------------------------------------------------------------

To make the results of the two selected compounds more convincing ([Figure 6](#f6){ref-type="fig"}), we performed animal experiments. As figure 6 showed to us, compound 1 and 2 had a great advantage to suppress tumour growth, both in volume and weight, especially compound 2. After 12^th^ day, compounds 1 and 2 made a significant difference in killing the tumour. As for tumour volumes, on 20^th^ day, the control group was 3014 mm^3^, the tumour volumes treated by compounds 1 and 2 were 2010, 1560 mm^3^, independently (mean ± SEM, p\<0.05). Additionally, as survival per cent chart shown, compounds 1 and 2 play an essential role in promoting survival period. What's more, on 20^th^ day, as tumour weight chart illustrated, control group's final weight of tumour was 3.18g. Tumour weight treated by compounds 1 was 2.05g. Tumour weight treated by compounds 2 was 1.54g (mean ± SEM, p\<0.01).

![**Animal experiments to against tumor activity. Tumor-bearing mice were treated with compound 1,2 at dosage of 10 mg/kg, respectively.** (**A**) Mean tumor volumes. (**B**) Survival percentage of Mice. (**C**) Tumor weights on 20^th^ day. Data were represented as Mean ± SEM, p\<0.05 and p\<0.01.](aging-12-103113-g006){#f6}

DISCUSSION
==========

Tryptophan plays a significant role in maintaining the stability of the internal and immune environment, which is not only Immune cell nutrition factor but also the Signal conduction factor. The Tryptophan-IDO-Kynurenine pathway is Tryptophan's major metabolic pathways. Over-expression of IDO elicits degradation of Tryptophan to Kynurenine, which inhibits the effector T-cells from attacking the function of cancer cells and promotes the immune suppression function of T-cells. Moreover, Kynurenine is toxic and can cause the apoptosis of lymphocytes. Among Tryptophan's derivatives, quinolinic acid is the starting material of the NAD+ synthesis pathway. In addition, NAD+ plus its prototype NADH is vital for maintaining the reductive environment within the cell and thus protecting the cells from oxidative stress. And tumour cells have an uncontrolled proliferation rate, rapid metabolic rate, and significantly increased levels of oxidative stress, compared to healthy cells. Thus, tumour cells more sensitive to changes in NAD+ levels. A study has reported that there are significant over-expression of IDO in infection or cancer. Consequently, immune response was suppressed to protect the body from disease or bacteria. Therefore, it's of great importance to suppress Tryptophan-IDO-Kynurenine pathway and accelerate T-cell proliferation and activation in cancer immunotherapy. Tryptophan was only thought to be a nutrient initially. Afterwards, during macrophages/T cell culture by Munn, scientists started learning that Tryptophan may not be a mere nutrient, but more likely to be a signalling molecule.

Thus, as the study reported, IDO is an essential and promising therapeutic target.

Currently, many researches revealed that IDO played a critical pathological role and molecular biological role in Tryptophan-IDO-Kynurenine pathway and suppression of IDO. So far, there have been many drugs on Tryptophan-IDO-Kynurenine channel designed and developed with a different mechanism. For example, Indoximod inhibits IDO's activities indirectly by relieving T-cell functional inhibition; Epacadostat has high selectivity to IDO \[[@r26]\]; Navoximod is TDO/IDO1's dual inhibitor \[[@r27]\]; BMS-986205 is an irreversible inhibitor with non-hemoglobin binding activity; PF-06840003 is a non-competitive inhibitor with non-heme binding activity. Among these drugs, Incyte's Epacadostat is an oral, practical, and selective small-molecule IDO inhibitor. The development of this drug is currently in the clinical stage of Phase 3 and has achieved significant results in the clinical stage of Phase 2. Thus, we chose Epacadostat as the reference drug. Furthermore, more study about developing IDO inhibitor drugs are critically needed for molecular immunotherapy. In this study, we used Libdock, ADME/TOPKAT, CDOCKER/3D-QSAR pharmacophore generation, and Molecular Dynamics Simulation, to select potential compounds and assess their drug-like properties \[[@r28], [@r29]\]. Additionally, molecular conformation, pharmacological properties, binding affinity and stability were also assessed for further selection \[[@r30], [@r31]\]. We got 25932 natural and purchasable product molecules from the ZINC15 database to screen favorable compounds virtually. The higher the Libdock score was, the more optimized the compound's energy was, and the more stable the compound's conformation was. As the Libdock's results shown, 1729 compounds were found to have favorable binding and interaction with IDO. What's more, 247 compounds had better Libdock results than Epacadostat (Libdock score: 119.882, ranking:248). So they had higher affinity and stability than Epacadostat \[[@r32], [@r33]\]. According to results above, the top 20 compounds were chosen for further study.

Drug-like properties, ADME (absorption, distribution, metabolism, excretion) and toxicity properties were assessed consequently. According to results, we chose compounds 1 and 2 as the most potential compounds. Both of them have remarkable solubility in water and outstanding absorption level. At the same time, they didn't suppress the activities of cytochrome P450 2D6 (CYP2D6). So they had no hepatotoxicity. Furthermore, these two selected compounds were less toxic in Ames mutagenicity test, rodent carcinogenicity and developmental toxicity potential than other compounds. So these two compounds had great potential in drug study and development. On the other hand, part of the compounds which were not selected in this study also had potential application in drug study and development. Even though some of them possessed toxicity or had bad absorption, distribution, metabolism, excretion, solubility in water, atoms could be added to reduce its toxicity and improve absorption, distribution, metabolism, excretion, solubility in water. All the results above indicated that compounds 1 and 2 were ideal compounds for drug development. So we performed next study for them. We also assessed the binding and the interactions between selected compounds and IDO.

The lower the CDOCKER interaction energy was, the more affinity they have between compounds and IDO. As the CDOCKER module computation demonstrated, CDOCKER interaction energy of compounds 1 and 2 was remarkably lower than Epacadostat (- 46.2081kcal/mol). So these two selected compounds might bind with IDO with higher affinity than Epacadostat. Next, the molecular structural inspection indicated that compound 1, 2 and Epacadostat were similarly made up of several multiple reactive oxygens, dual-band in their chemical structures. And we found compound 1 (ZINC000012495022) and compound 2(ZINC000003791817) had similar construction to Epacadostat, such as axisymmetric structure. Moreover, the two candidate compounds and Epacadostat both bind with IDO at a same position and distinct, which are close to IDO's ligand iron hemoglobin. In summary, these two compounds were safe. Thus, we chose them for the next research \[[@r34]\].

Regarding compound designation, computation results showed 11 feature pharmacophores in ZINC000012495022, with hydrogen bond acceptor, hydrophobic center and Ionizable negative, and 38 feature pharmacophores in ZINC000003791817, with hydrogen bond acceptor, hydrogen bond donor, hydrophobic center, and Ionizable negative in computational prediction of pharmacophore, which means these 2 compounds may have a more appropriate effective pharmacophore. Different functional groups could be added into these 2 lead compounds to increase their significance in cancer-therapy drug therapy and drug improvement in future research.

Next, we assessed their stability through molecular dynamics simulation. According to RMSD curves and potential energy of the ligand-IDO complexes, the RMSD curves of these complexes got equilibrium at about 200 ps. Moreover, RMSD as well as potential energy of these complexes got stable gradually. So the complex of these two selected compounds and IDO can keep stable and have promotional effects under natural environment as Epacadostat did.

Finally, an animal experiment was performed to make the results of the two selected compounds more convincing. And these two compounds were proved to make a significant difference in suppressing and killing the tumour. After 12^th^ day, as survival per cent chart also shown, compounds 1 and 2 play an essential role in promoting survival period. Therefore, compound 1 and 2 are promising target drugs for IDO inhibitors.

Last but not least, this study tried to find more candidates for targeted inhibitor drugs to IDO. Identified compounds in this study could remarkably promote IDO related cancer-therapy drugs' development. Although this study had been performed with thoroughly design, we still have to admit this study has some limitations. On the one hand, more experiments are needed to validate our results and more indicators to assure drug safety. On the other hand, we can add some necessary groups to modify the drugs to improve its pharmacological properties, such as reducing toxicity, improve absorption, etc. After modification, they could be more perfect as potential inhibitor \[[@r35]\].

CONCLUSIONS
===========

We had applied a series of structural biology and chemistry method to screen and identify the potential and effective inhibitor drugs of IDO. To summarize, compounds 1 and 2 were both potential inhibitors to IDO. Furthermore, these compounds were safe and had remarkably importance in targeting inhibitor drug's development of IDO. Moreover, this study provided lots of materials and the therapeutic basis for IDO inhibitor's research and research.

MATERIALS AND METHODS
=====================

Docking software and ligand library
-----------------------------------

Discovery Studio, a software, which was designed as a system to simulating small molecule and macromolecule systems, plays a significant role in selecting the appropriate therapy-target drugs according to the chemical structure and biological computation. First of all, Libdock, along with ADME which includes absorption, distribution, metabolism and excretion, was used to screen appropriate molecules virtually. Additionally, CDOCKER was designed to assess the docking between the particles. As for our study, IDO inhibitors were downloaded from the Natural Products (NP) database in the ZINC15 database. ZINC15 database is free of commercially-available compounds (provided by the Irwin and Shoichet Laboratories in the Department of Pharmaceutical Chemistry at the University of California, San Francisco (UCSF)).

Structure-based virtual screening using Libdock
-----------------------------------------------

The site where the IDO's ligand iron hemoglobin binds with IDO was located and then was selected as the sphere binding site to screen virtually the potential appropriate molecules. Libdock is a rigid-based docking program which can assess the hotspots of the complex with a grid located at the interaction and binding region, polar and a polar probe. The hotspot is then applied to coordinate the ligand to make a favorable binding. Additionally, the Smart Minimiser algorithm and the CHARMm force field (Cambridge, MA, USA) were carried out for ligand's minimization. Then, based on the ligand score, all ligand poses are ranked accordingly. We downloaded the complex, IDO's 2.45Å crystal structure with Epacadostat (PDB ID: 6E40), from the PDB (Protein Database) and then performed libdock study. [Figure 7](#f7){ref-type="fig"} showed the chemical structure of IDO. Proteins are modified by removing water of crystallization and other heteroatoms other than the IDO's ligand iron hemoglobin, then followed by adding hydrogen, protonation, ionization, and energy minimization. The CHARMm force field, as well as the Smart Minimiser algorithm, is used for energy minimization. Furthermore, minimize the execution of 2000 steps with an RMS (root mean square) gradient tolerance of 0.1 and a final RMS gradient of 0.09778. After all the above preparations, the protein is applied to define the binding site, and the binding site of IDO's ligand iron hemoglobin is selected as a favourable docking site. Afterwards, Libdock is used for virtual screening by docking all of the prepared ligands to defined active sites. Then, all docked poses are sorted and grouped by compounds' name according to the Libdock score.

![**The molecular structure of IDO.** Initial molecular structure was shown in (**A**) the surface of binding area were added in (**B**) and the complex structure of IDO with Epacadostat in (**C**) blue represented positive charge, red represented negative charge and green was used to label the cartoon.](aging-12-103113-g007){#f7}

ADME (Absorption, Distribution, Metabolism, Excretion) and toxicity prediction
------------------------------------------------------------------------------

The ADME module of DS 4.5 is used for the calculation of absorption, distribution, metabolism, and excretion of compounds chosen. Additionally, TOPKAT (Toxicity Predicted by Komputer Assisted Technology) is also applied to assess potential compounds' drug- like properties, such as toxicity, water-solubility, BBB (blood-brain barrier) penetration, CYP2D6 (Cytochrome P450 2D6) inhibition, human intestinal tract Absorption, PPB (plasma protein binding) levels, hepatotoxicity, rodent carcinogenicity, developmental toxicity potential, Ames Mutagenicity. These pharmacological effects and characteristics will be taken into consideration when a potential therapeutic drug of IDO inhibitor is selected.

Molecular docking and pharmacophore prediction
----------------------------------------------

CDOCKER was applied for precisely docking study of molecules which is based on CHARMm36 force field. During the docking process, the receptor remains rigid while the ligands are very flexible. Also, the CHARMm energy as well as the interaction energy of each complicated pose were calculated and assessed. These two results of energy indicated ligand binding affinity. We obtained the crystal structure of IDO from the protein data bank. Firstly, the crystal water molecules which might influence the combination between the receptor and ligand were almost deleted in the rigid and semi-flexible docking process. Additionally, the water molecules were also removed. At the same time, we added hydrogen atoms to the protein. Furthermore, to make the binding mode more reliable, Epacadostat was extracted and then re-paired into the crystal structure of IDO. The CHARMm36 force field was used for receptors well as ligands. The binding site sphere of IDO was selected as the region that came within radius 16Å from the geometric centroid of the ligand IDO. In the docking process, the ligands combined with residues within the binding site spheres. The parts of identified hits were determined and then docked into the interaction region of IDO. When the CDOCKER process was finished, each ligand displayed ten docking poses, among which, the one with the highest docking scores and appropriate docking orientations was selected. Moreover, CDOCKER interaction energy of different poses was also calculated. In addition, 3D-QSAR pharmacophore generation module was used to display the pharmacophore of the compounds, which produces up to 255 confirmations per molecule to represent small molecules. However, only conformations whose energy values were within the energy threshold of 10 kcal/mol were retained.

Molecular dynamics simulation
-----------------------------

Among different binding conformations of each compound-IDO complex, only the best were chosen for further molecular dynamics simulation. The ligand-receptor complex was placed in an orthorhombic box. And then it was solvated using an explicit periodic boundary solvated water model. Additionally, with the aim to assess the physiological environment, solid chloride was put into the system with an ionic strength of 0.145. The system was then applied to the CHARMm forcefield. And then it's relaxed by energy minimization (500 steps of steepest descent and 500 steps of the conjugated gradient). The final RMS gradient was 0.289. The temperature of the system was gradually increased from 50 K to 300 K for 200 ps and a balanced simulation of 250 ps. Time step was set as 2fs. The simulation was applied using the NPT (normal pressure and temperature) system with a constant temperature of 300 K. Long-range electrostatics was calculated using the particle mesh Ewald (PME) algorithm, and the linear constraint solver (LINCS) algorithm was changed accordingly to fix all bonds involving hydrogen. Using initial sophisticated setting as a reference, structural properties, RMSD (root-mean-square deviation), and potential energy, the trajectory was determined by using trajectory protocol in Discovery Studio 4.5 (San Diego, CA, USA).

Animal experiments to verify the effectiveness of the compound
--------------------------------------------------------------

These two selected compounds and twenty mice were provided by the Animal Experiment base in a clinical college of Jilin University. Additionally, experimental protocols were offered by Jilin University Ethics Committee. A total of 105 Colon melanoma cells were injected into the left flank of each mouse to make tumour models with the parameter of 26 cells per 100 μl PBS. Randomly, mice were then divided into three groups: (a) control group injected by only tumour cells; (b) Group treated with tumour injection as well as compound 1, at dosage of 10 mg/kg, (c) Group treated with tumour injection as well as compound 2, at dosage of 10 mg/kg. Firstly, Colon melanoma cells were injected. Then, after four hours, the tumour-bearing mice were treated with compound 1,2 injection through tail. These two steps were repeated every day, 20 days total. Additionally, we measured tumour volumes and weight every day. Each group had 7 mice. And we averaged the final results to make the results more reasonable and convincing. On day 20^th^, all survival mice were counted, then measured and sacrificed. Finally, tumours were all removed and weighed.
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